The Maisotsenko-cycle (M-cycle) is a complex process associated with humid air. Heat transfer and evaporative cooling occur in a unique indirect evaporative cooler, resulting in product temperatures that approach dew point temperature. The different applications of the M-cycle contribute to effective energy savings. By enhancing cooling towers with the M-cycle it is possible to (a) cool water to temperatures approaching dew point temperature and (b) reduce the pressure drop and the required fan power. An exergetic analysis identifies the real thermodynamic inefficiencies and the potential of improvement of energy-conversion systems. This paper discusses the results obtained from a detailed exergetic analysis of the M-cycle applied to
INTRODUCTION
Cooling towers are heat-rejection units that transfer waste heat from a system to the environment. The result is the cooling of a water stream. Applications for cooling towers include providing cooled water for manufacturing, electric-power generation, refrigeration, etc. The cooling tower is a component in which heat-and mass transfer take place simultaneously. A schematic of the combination of a power plant with a cooling tower is shown in Fig. 1 .
Typical cooling tower design uses a direct evaporative cooling process. The environmental-air wet bulb temperature limits the temperature of the produced cold water. Therefore, the cooling process of water in cooling towers, and thus the efficiency of condensation or intercooling processes within energy-conversion or chemical energy-intensive systems, completely depends on the climatic conditions. Obviously typical cooling towers are most suitable for dry (low relative humidity) regions.
The process of indirect evaporative cooling of air, where air approaches the wet bulb temperature of the environmental air, is well known. However, for the first time Maisotsenko in 1976 disclosed a configuration known as the Maisotsenkocycle (M-cycle) wherein a main stream of air is passed along a dry channel, simultaneously passing an air stream counterflow along a wet channel with the heat (Fig. 2) . This configuration provides an opportunity to cool air in the dry channel below the wet bulb temperature, and to approach the dew point temperature of the ambient air. The goal of this paper is to investigate the effect of the environmental conditions on the performance of an M-cycle-enhanced cooling tower using an exergy-based evaluation. 
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MAISOTSENKO-CYCLE
The idea of the M-cycle has been realized in the USA by Idalex, Inc., and Coolerado Corporation (Maisotsenko et al., US Patents) . Here the wet and dry channels are divided into two separate sections, a measure that allows for precooling of the dry air streams prior to their entry into the wet channel, thereby resulting in an enhanced cooling efficiency. This unique indirect evaporative cooling process, utilizing a novel thermodynamic process, called the M-cycle, is an alternative or nonconventional green technology (for enhancing heat recovery and the production of cold, power, and distilled water) which uses air and water as resources. Figure 2b allows for a more detailed thermodynamic explanation of the M-cycle: The environmental air (state 1) enters the dry channel (with given temperature, pressure, and relative humidity). Passing through the dry channel, the air is cooled almost down to its dew point temperature (state 2) with the corresponding relative humidity. After that the air turns its direction and passes through the wet channel in a counterflow with water. In the wet channel, the air is saturated and heated up to the temperature of incoming water (T 3 = T 4 ). At state 3 the air is exhausted to the environment. The temperature of the water at the outlet of the wet channel (state 5) is approximately equal to the dew point temperature of the air at state 2.
The advantages of the M-cycle can be expressed using the value of the enthalpy difference for air at the inlet and outlet of the wet channel Gillan et al., 2011 ):
• For a conventional humidification process
• For the M-cycle
During recent years, interest in the M-cycle has increased exponentially, and researchers other than the inventor have published papers in this field. However, with the exception of publications by him and his colleagues from the Gas Technology Institute (USA) (Gillan et al., 2011; Worek et al., 2012) , other authors mainly repeated the idea of the M-cycle and its possible applications (Wicker, 2003; Gillan, 2008; Miyazaki et al., 2010; Wani et al., 2012) . Only a few publications resulting from a simulation of the process conducted by other authors can be found. For example, Zhan et al. (2011) reported a numerical analysis of the crossflow heat exchanger using a finite-element method. Based on the obtained results, an optimal design for the channels was proposed. Caliskan et al. (2011 Caliskan et al. ( , 2012 discussed the exergetic analysis of the M-cycle for air conditioning in terms of "exergy inlet" and "exergy outlet." Only the total exergy is considered for all material streams. The reported exergetic efficiency is 19%.
ADVANCED COOLING TOWER BASED ON THE M-CYCLE
Simulation and Energetic Analysis
The simulation of an advanced cooling tower based on the M-cycle has been conducted here using the initial data from Gas Technology Institute. The flow diagram of the process is shown in Fig. 2a . A forced draft cooling tower (the fans mounted at the base of the tower) is considered here. Air enters the cooling tower at state 11.
The following assumptions were made:
• The isentropic efficiency of the fan is equal to 75%.
• The dew point effectiveness for process 1-2 is assumed to be equal to 80%, i.e.,
• Since the design characteristics of both the dry and the wet channels are unknown, as an academic example, we assumed a pressure drop of 2.5% within the dry channel and 3.5% within the wet channel (to the inlet pressure of the corresponding channel).
• The calculations are conducted based on 1 kg of dry air at the inlet of the fan.
• The effect of the drift water together with the exhausted air is neglected.
• The temperature at state 3 is equal to the temperature at state 4, and the relative humidity at state 4 is equal to 100%.
• For all operation conditions the temperature difference is (T 4 -T 5 ) = 7 K.
For the analysis, the following environmental conditions (state 11) were used initially:
• The temperature of the environment is varied between 15 o C and 45 o C.
• The relative humidity of the environmental air is varied between 30% and 90%.
The first step in the evaluation is to answer the following question: Can the M-cycle operate with any of the mentioned environmental conditions? The answer is no (Table 1 ). In the further analyses only workable operation conditions are used.
Figures 3-5 show the results obtained from the simulation and the energetic analysis. Note that Q .
DC . The cooling tower itself (conventional or advanced) is a component within the overall system. Therefore an energetic efficiency or a COP (coefficient of the per-formance) cannot be calculated. If the cooling tower is considered together with a fan, then we can calculate the COP of the entire system as
The values of COP for different environmental conditions are given in Fig. 6 . 
Exergetic Analysis
Since work, heat-, and mass-transfer processes are involved in the M-cycle applied to an advanced cooling tower, the chemical and physical exergies associated with each material stream should be considered separately. For the exergetic analysis, the reference state 0 should be associated with state 11 (ambient air). Based on simulations we can see that the temperatures within the M-cycle cross the temperature of the environment. Therefore, a further splitting of the physical exergy into its thermal and mechanical components is advisable for a better understanding of the processes (Morosuk and Tsatsaronis, 2008) .
The standard chemical exergy of an ideal gas l that is part of the thermodynamic environment and has the mole fraction x l e in the gas phase of the environment is
The chemical exergy of an ideal mixture of ideal gases is [15] Here e _ l CH is the standard molar chemical exergy of the lth substance, and x l is the mole fraction of the lth substance in the system at T 0 . Note that several mod-
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Morosuk & Tsatsaronis Bejan et al., 1996) , the value of the specific chemical exergy for environmental air is slightly negative. With the model proposed by Szargut (see Bejan et al., 1996) , this value is zero or positive. Independent of the model used to calculate chemical exergies, the results obtained from the exergetic analysis are the same. The value of the specific chemical exergy remains constant only if the composition of the material stream remains constant. For humid air, the humidity ratio is a factor affecting the composition of humid air and thus its chemical exergy.
FIG. 6: COP as a function of the environmental conditions (state 11)
The physical exergy of humid air can be calculated by considering it either (a) as a real working fluid,
with and with the point M defined at the pressure p and the temperature T 0 , or (b) as a mixture of ideal gases, with and Both methods for calculating the physical exergy and its thermal and mechanical parts for the streams of humid air provide the same results. Using the exergy rates associated with fuel and product, E . F and E . P (Bejan et al., 1996; Lazzaretto and Tsatsaronis, 2006) , respectively, the exergetic balances for the kth component and for the overall system are, respectively, 
and
The exergetic efficiencies for the kth component and for the overall system are, respectively,
In this paper, the M-cycle is evaluated exergetically using the approach "exergy of fuel" (E . F ) and "exergy of product" (E . P ). According to the definitions of E .
F and E . P , we obtain the following equations for
T and
• the overall system E .
) + E .
5
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Morosuk & Tsatsaronis Figures 7-10 demonstrate the results obtained from the exergetic analysis of the M-cycle at different environmental conditions.
RESULTS AND DISCUSSION
Based on the results obtained from the energetic analysis (Figs. 3-6 ), we can conclude the following:
• The power supplied for the fan (i.e., for the electrical motor of fan) increases with increasing temperature and relative humidity of the ambient air (Fig. 3 ).
• The heat rates Q . 4−5 (Fig. 4 ) also increase with increasing relative humidity of the ambient air. For regions with a relatively low ambient temperature and low relative humidity we obtain Q . WC ≈ Q . DC , whereas with rising temperature and relative humidity Q .
• The relative amount of vaporized water (Fig. 5) significantly depends on the ambient temperature only for regions with a low relative humidity (30-50%). For values of the relative humidity above 60%, the relative amount of vaporized water almost remains constant.
• The COP of the M-cycle (Fig. 6 ) varies in a very large range between 0.2 and 0.9 and strongly depends on both temperature and relative humidity of the ambient air. The higher these two values, the higher the COP. This
FIG. 10: Exergetic efficiency ε CT at different environmental conditions (state 11)
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shows that the M-cycle would be very attractive for regions with high temperature and/or relative humidity.
The results obtained from the exergetic analysis (Figs. 7-10 ) help us to better understand the processes within the M-cycle.
The exergetic efficiency (Fig. 7) of the overall M-cycle varies between 1% (for low temperature and low relative humidity) and 47% (for high temperature and high relative humidity). Note that for compression refrigeration machines the overall exergetic efficiency is usually in the range between 3% (Morosuk and Tsatsaronis, 2011) and 25% (Morosuk and Tsatsaronis, 2009) . Note that for a given ambient temperature the differences among the values of ε tot for the M-cycle are very small for relative humidity above 70%. Figure 8 shows the values of E . . P,tot we conclude that the values of pressure drop assumed for the processes 1-2, 2-3, and 4-5 significantly affect the final results. The effect of pressure drop will be studied in future work.
A final note on the differences between approaches for conducting an exergetic analysis. Usually, the physical and chemical exergies of a material stream are considered together. Using this approach, however, we cannot define the exergy of the product and the exergy of the fuel for a cooling tower because the total exergy rates within the processes 1-2 and 2-3 decrease as well as the exergy rates within the processes 4-5.
CONCLUSIONS
In this paper energy and exergy analyses are used to evaluate an advanced cooling tower concept based on the M-cycle when operating at different environmental conditions. The exergy analysis is conducted in terms of "exergy of fuel" and "exergy of product." These terms are defined for the components as well as for the overall system. For all material streams with humid air, the chemical, thermal, and mechanical exergies are considered separately. Smooth continuously increasing or decreasing functions represent the energetic variables. The exergetic variables, however, obtain local minimal (maximal) values when varying the relative humidity values at the same ambient temperature. The results demonstrate that with an exergetic analysis we get a deeper understanding of the mechanisms of formation of inefficiencies and of the processes that cause them within the M-cycle.
